The cultivation of the poliomyelitis viruses in tissue culture
Nobel Lecture, December 11, 1954 In this lecture it is our purpose to recall our principal observations on the behavior of poliomyelitis viruses in tissue culture and the manner in which they were made. To do this seems appropriate, since it is for them we have jointly been awarded the highest of honors in our field -the Nobel Prize in Physiology or Medicine. But before we begin we earnestly desire to point out that the results of our research are not alone the product of our triple thought and effort. As nearly always in the undertaking of science many others who have worked with us have contributed of their minds and labor. And so we would think of them as here with us now, sharing in these great happenings.
Antecedents to the Investigation of Poliomyelitis Virus
As observed long ago by Claude Bernard the history of many discoveries in the more exact sciences may be clearly and tersely told because such discoveries depend upon ideas logically derived from well-established general principles or theories. Such ideas give rise to a series of deductions the validity of which must, of course, be then experimentally corroborated. Biology including medicine has long sought to range itself with physics and chemistry by defining general principles that govern the reactions of living organisms.
Within certain areas such as genetics and biochemistry much progress has been made toward these ultimate goals. In other biological disciplines, however, as in our own of viruses and viral diseases the situation in certain respects does not differ too greatly from that of the state of medicine in the time of Bernard. Medicine he described as a science in its infancy where complex and obscure questions were still to be studied and where experimental ideas did not always emerge from the rather vague conceptions then current. Under these circumstances, he wrote, "physiologists should not be afraid to 449 act somewhat at random, so as to try -permit me the common expressionfishing in troubled waters. This amounts to saying that, in the midst of the functional disturbances which they produce, they may hope to see some unexpected phenomena emerge which may give direction to their research". In our own studies we did not depend entirely upon fishing in troubled waters, but that we profitably indulged at one point in this sport cannot be denied. Indeed, as so often in the realm of experimental medicine, many of the antecedent conditions which finally focused our investigations upon the specific problem of the growth in vitro of poliomyelitis virus in extraneural cells would have been quite indefinable a priori. It may, therefore, be pertinent to recall at this time some of the factors which led to these observations. In 1937 Dr. Enders working in the Department of Bacteriology and Immunology at the Harvard Medical School turned from the study of bacterial immunity to an investigation of the growth of herpes simplex virus. Experience with the herpes virus served to establish an enduring preoccupation with pathogens of this class and was followed by attempts to isolate the agent of measles. In these experiments the tissue-culture method was employed with uncertain results. But the conviction was gained that it represented a basic tool for the study of viruses of which the possible applications were almost unlimited. For this as well as other reasons the roller-tube method used about this time by Gey and Bang for the cultivation of the virus of lymphogranuloma venereum was selected as an ideal means of investigating over a prolonged period the relationships between a virus and its host cells. One of the participants in this research in which the agent of vaccinia was employed was Thomas Weller 1 . Dr. Weller, then a fourth-year medical student at Harvard, joined the group primarily because of his concern with the larger parasites of man. He wished to determine whether one of these, Trichinella spiralis, could be made to pass through its developmental cycle in the presence of living tissue cells. While carrying out these studies he also acquired an interest in the viruses.
These preliminary explorations of the value of the tissue-culture method were interrupted by the War, although by 1941 further observations stimulating to us had been made at the Harvard Medical School on the behavior in roller-tube cultures of the viruses of equine encephalomyelitis, herpes simplex, and influenza virus, and on that of varicella independently by Dr. Weller and Dr. L. C. Kingsland, Jr., at the Children's Hospital in Boston.
After the war Dr. Enders was asked to establish a laboratory for research in infectious diseases at the Children's Hospital. Dr. Weller participated in the establishment of the laboratory and we were soon joined by Dr. Robbins who had recently returned from duty in Italy where under his direction an epidemiologic study of a disease resembling Q fever had resulted in the identification of the responsible rickettsia for the first time in that country. Under these circumstances congenial to the free implementation of our interests the first experiments in the new laboratory were begun in April 1947.
Investigation of the potentialities of tissue culture for the propagation of viruses was naturally resumed and for this purpose the agent of mumps was first selected, since recent observations had provided the essential techniques whereby it could be easily studied in the laboratory. It was soon demonstrated that growth readily occurred in a simple suspended cell culture consisting of fragments of chick amniotic membrane nourished with a balanced salt solution and ox serum ultrafiltrate 2 . Viral increase was easily followed by measuring the amount of hemagglutinin that emerged in the culture fluid after inoculation of small quantities of the agent. A modification of the usual technique for handling such cultures was introduced that permitted the demonstration of the slow-growing mumps virus. Instead of transferring material from one culture to another after an interval of three or four days as had been the procedure of most previous investigators, the tissues were preserved while the nutritive medium was removed and replenished at frequent intervals. In this way viability of the cells could be maintained for 30 days or longer and full opportunity allowed for viral growth to occur while a substantial dilution of the original viral inoculum was effected.
In 1948 when this work was completed we had no immediate intention of carrying out experiments with poliomyelitis viruses. Nevertheless from time to time we had considered the mounting evidence which had been well summarized by Green and Evans in favor of the possibility that these agents might not be strict neurotropes. Thus, for us, along with others it was becoming increasingly difficult to visualize the nervous system -as site of manufacture of the enormous quantities of virus that was found in the feces of many patients. Such ideas were in our minds when the decision was taken to use a mixture of human embryonic skin and muscle tissue in suspended cell cultures in the hope that the virus of varicella might multiply in the cells of its natural host. In this way such cultures were made available while close at hand in the storage cabinet was the Lansing strain of poliomyelitis virus. Thereupon it suddenly occurred to us that everything had been prepared almost without conscious effort on our part for a new attempt to cultivate the agent in extraneural tissue.
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Demonstration of Multiplication of Poliomyelitis Viruses in Cells of Extraneural Tissues
Accordingly the virus in the form of an infected suspension of mouse brain was introduced into several of these cultures of human tissue which were then handled exactly as in the experiments with the mumps agent. By inoculation of mice with the fluids removed from the original cultures as well as with those taken from subsequent serial passages in vitro it soon became apparent that multiplication of the virus regularly occurred. Introduction of fluid from the third passage into the brains of monkeys was followed by the appearance of typical flaccid paralysis of the legs 3 . These findings, surprising as they were in the light of the failure of our predecessors to propagate the virus in extraneural tissue, left no doubt in our minds that this could be accomplished.
The increase in the Lansing virus content of tissue cultures of this sort is illustrated in Fig. 1 . These results were obtained by titrating at intervals of four days the pooled fluids removed from four cultures all of which were represents the negative logarithm of the mouse titers, the lower the calinoculated with the same quantity of infected mouse brain. The upper curve culated amounts of virus, expressed as LD 50 /ml for mice, that emerged in the fluid phase during each interval of four days. It is evident that under these conditions significant quantities of virus appear only after a period of eight days and that the maximal yield is obtained between the 12th and 16th days. These findings were soon confirmed and extended: (a) by continued serial passage in human embryonic skin and muscle tissue of this as well as another strain of Lansing virus; (b) by the successful propagation of representatives of Types I and III viruses 4, 5 ; and (c) by identification of the agents grown in tissue culture in virus neutralization tests.
Since the tissue employed in these experiments was removed from the extremities it was considered to be free of intact nerve cells. It was concluded, therefore, that growth of poliomyelitis virus in cultures of this material occurred in cells of extraneural origin. This conclusion has been amply supported by direct observations of the effect of the viruses on various types of cells which we will mention hereafter as well as the later demonstration by The results we have just described appeared to be of basic significance since t h e y l e f t n o d o u b t t h a t t h e t h r e e k n o w n a n t i g e n i c t y p e s o f p o l i o m y e l i t i s viruses could be grown without difficulty apparently in a wide variety of h u m a n c e l l s . T h e i r u l t i m a t e v a l u e , h o w e v e r , i n t h e f u t u r e s t u d y o f t h e s e agents both from the biologic and practical points of view would have been greatly limited had phenomena not been discovered which clearly and accurately indicate the occurrence of viral multiplication within the tissueculture system itself. Thus it is probable that if it had remained necessary to inoculate experimental animals in order to demonstrate virus in the culture, the method would have been largely utilized as a convenient means for the preparation of virus suspensions. i n v o k e d t o d e t e r m i n e t h e s m a l l e s t q u a n t i t y o f t h e a g e n t c a p a b l e o f m u ltiplying in suspended cell cultures of human embryonic brain fragments. It is evident that in this instance the material could be diluted 10 4 times and still inhibit cell metabolism. Subsequently Rhodes and his associates showed that reduced acid production was correlated with a progressive decrease in glucose utilization.
These indices of viral multiplication in suspended cell cultures, useful as they were in our earlier investigations, proved inconvenient in two respects.
The direct observation of cell injury required the fixation, sectioning and staining of the fragments -a laborious process, while the difference in pH required the lapse of about two weeks or longer before it became evident.
A c c o r d i n g l y , o t h e r m e a n s w e r e s o u g h t b y w h i c h v i r a l c y t o p a t h o g e n i c i t y
might be conveniently and rapidly demonstrated. At first we explored the method of explantation which had been used in the past by other workers, in particular Huang, to test the effect of viruses on cell viability. This consists in placing the fragment taken from a suspended cell culture in a drop of clotted chicken plasma and observing whether or not cell outgrowth occurs upon subsequent incubation. Results of experiments with poliomyelitis virus carried out in this manner were unequivocal. When infected fragments were r e m o v e d e i g h t d a y s o r l o n g e r a f t e r i n f e c t i o n a n d e x p l a n t e d , c e l l g r o w t h failed to occur, or if it did begin, soon ceased to progress and was followed by rapid degeneration. In the control preparations the growth of cells proceeded in a normal manner. It was also determined by this means that the addition of type-specific antiserum to the suspended cell culture before the virus was introduced protected the cells from the destructive effect of the latter.
These observations appeared to be important from several points of view.
In the first place it was made evident that the cytopathogenic effect of the virus could be directly and easily observed in the untreated culture. Thus another and more direct criterion of viral multiplication was made available and an easier method of assaying infectivity was foreshadowed. The demonstration of the inhibitory effect of homologous antiserum not only afforded convincing evidence that the cytopathic changes observed were caused by the virus but also indicated that it would be possible to determine in vitro the antigenic type of poliomyelitis viruses, as well as the presence of typespecific antibody in human and animal sera.
The explant procedure, however, was still rather cumbersome and a con- Fig.4 (A and B) . Because of the speed with which these changes develop and the readiness with which they may be observed the roller-tube technique was used in most of our subsequent investigations.
We next investigated whether these basic phenomena, i.e., growth of virus and its cytopathogenic activity in vitro, might be employed in various proce- At this point it seems appropriate to remark that the discovery of the antibiotics has, as in so many other areas, worked a revolution in the field of tissue culture. Through the use of these substances it is now not only possible to apply tissue cultures to the routine isolation of viruses from materials heavily contaminated with micro-organisms, but it has become feasible to use them under conditions and in numbers which in the past would have b e e n q u i t e u n t h i n k a b l e . H e r e t h e n w e h a v e a n o t h e r e x a m p l e o f h o w o n e discovery leads to many others often of quite a different nature.
The need of a serological test for poliomyelitis which could be more easily carried out than the test for virus-neutralizing antibody has long been felt. 
e c i d e d t o s e e w h e t h e r t h e v i r u s -c o n t a i n i n g f l u i d s m i g h t n o t b e u s e d a s c o m p l e m e n t f i x i n g a n t i g e n s . T h e e x p l o r a t i o n o f t h i s p r o b l e m w a s c h i e f l y carried out by Dr. Arne Svedmyr of Stockholm who had come to our laboratory in 1951. Fluids were concentrated by a simple method of ultrafiltration a n d e m p l o y e d a s a n t i g e n s i n c o m p l e m e n t f i x a t i o n t e s t s , f i r s t w i t h t y p e -
specific antisera prepared in monkeys and then with sera from patients with poliomyelitis. In both instances the capacity of the concentrated virus suspensions to fix complement in the presence of poliomyelitis antibodies was d e m o n s t r a t e d 1 3 , 1 4 . W i t h t h e m o n k e y s e r a t h e r e a c t i o n s w e r e c l e a r l y t y p e specific in character. In contrast human sera often reacted with all three types of antigen although they were known to contain neutralizing antibody specific for only a single type. This tendency of certain human sera to react in this broad manner at present limits the usefulness of the complement fixation test as a diagnostic measure. 
I n v e s t i g a t i o n s b y n u m e r o u s w o r k e r s i n t h e p a s t h a d s h o w n t h a t p o l i omyelitis virus derived from infected nervous tissues when inoculated by
d e t e r m i n e w h e t h e r t h e y m i g h t a c t a s i m m u n i z i n g a g e n t s . A c c o r d i n g l y ,
fluids from suspended cell cultures of human embryonic skin and muscle infected with the Lansing strain were inoculated intraperitoneally into mice. The possibility that tissue-culture virus in some form might eventually prove of value as a prophylactic agent naturally occurred to us when we first became convinced that the agent could be grown in extraneural tissues. We, therefore, were prepared to observe any indications of changes in pathogenicity for animals that might follow during serial passages. It was indeed not long before we observed that the mouse virulence of the Lansing strain which had been passed three times in suspended cell cultures of skin and muscle had markedly decreased. Although this loss might have been occasioned by a reduced capacity to multiply in vitro, it was soon shown that this was not the case, since the titer of viral infectivity as determined by the
t i s s u e -c u l t u r e m e t h o d r e m a i n e d u n c h a n g e d . S i m i l a r e x p e r i m e n t s w i t h a T y p e I v i r u s ( B r u n h i l d e s t r a i n ) i n d i c a t e d t h a t b e t w e e n t h e 2 n d a n d 1 0 t h
passages its pathogenicity for rhesus monkeys had diminished significantly. 100,000 to 1,000,000 fold, since again no change had occurred during these passages in the titer of the virus as determined in tissue culture. It is worthy of note that in these experiments in which the final drop in monkey pathogenicity occurred, the roller-tube cultures were inoculated with the smallest amount of virus capable of inducing cytopathic changes.
From these observations we concluded that, as with other viral agents, the virulence of poliomyelitis virus is not a fixed attribute but on the contrary may readily be altered under appropriate conditions.
The appearance in 1950 of reports by Milzer and co-workers and by Smith and associates 16 confirmed our observations on the capacity of the poliomyelitis viruses to multiply in vitro in human tissues of non-nervous origin.
These papers proved to be the forerunners of a number of significant contributions from other laboratories in the United States that rapidly introduced procedural modifications extending the general usefulness of the method.
Here specific reference may be made to only a few of these reports; how- Prior to 1950, poliomyelitis research was of necessity concentrated in relat i v e l y f e w c e n t e r s t h a t p o s s e s s e d f a c i l i t i e s f o r h a n d l i n g l a r g e n u m b e r s o f monkeys. Following the demonstration that multiplication of poliomyelitis viruses could be accomplished in vitro i n m o n k e y -t e s t i c u l a r 17,18 a n d i n m o nkey-kidney tissues 1 9 , it was a natural development for those groups working in these centers to concern themselves with the practical application of meth- 
Development of immunizing materials employing inactivated poliomyelitis viruses prepared by in vitro methods
In 1953, Salk and his co-workers reported experiments on active immunizat i o n i n h u m a n s u b j e c t s e m p l o y i n g a p o l y v a l e n t v a c c i n e c o n t a i n i n g v i r u s treated with formalin. A striking antibody response followed the subcutaneous inoculation of three doses of vaccine 1 9 , 2 3 . who conclude that this system is most suitable for the primary isolation of the virus of herpes simplex.
Yet, it is in the investigation of several viruses that manifest a high degree of host specificity for man that some of the most interesting developments have occurred. Thus, it has now been amply demonstrated that for certain purposes, lacking a susceptible experimental animal, the culture composed of human tissues may be substituted for the human subject. Here it is pertinent only to outline briefly certain of these developments.
Concurrently with the poliomyelitis studies, efforts directed at the isolation in vitro of the etiological agent of varicella were continued in our laboratory. pathic changes that were focal in nature and associated with the presence of i n t r a n u c l e a r i n c l u s i o n s 2 8 . E m p l o y i n g the fluorescent antibody procedure of C o o n s 2 9 , a n d m o r e r e c e n t l y u t i l i z i n g c u l t u r e m a t e r i a l s a s a c o m p l e m e n t fixing antigen, immunologic evidence has been obtained to support the thesis that the etiologic agents of varicella and herpes zoster have been isolated and propagated in vitro. It is of special interest that to date no morphologic or antigenic dissimilarities have been noted that would permit differentiation of the agents recovered from these two diseases.
In 1951, an epidemic exanthem occurred in Massachusetts that was charac-terized by fever of short duration, a macular to maculo-papular eruption and the absence of significant adenopathy or Koplik's spots. Cytopathogenic agents were isolated in tissue cultures from the feces of seven patients and the development of specific neutralizing antibodies in paired serum specimens w a s d e m o n s t r a t e d 3 0 . T h e e v i d e n c e n o w i n d i c a t e s t h a t t h e s e s t u d i e s h a v e resulted in the identification of a new clinical entity.
R e c e n t l y E n d e r s a n d P e e b l e s isolated has been demonstrated. Also, fluids from infected cultures contain a n a n t i g e n t h a t f i x e s c o m p l e m e n t i n t h e p r e s e n c e o f s e r u m f r o m p e r s o n s convalescent from the disease. It has also been possible to assay the concentra- We shall now bring to an end this fragmentary account of our results and the investigations of others that have widely extended these results and given them greatly added significance and value. We regret that the exigencies of time and space have prevented in many instances the inclusion of specific references as well as more adequate descriptions of their contributions. It is a
